Object MR imaging of low-gamma nuclei at the ultrahigh magnetic field of 21.1 T provides a new opportunity for understanding a variety of biological processes. Among these, chlorine and sodium are attracting attention for their involvement in brain function and cancer development. Materials and methods MRI of 35 Cl and 23 Na were performed and relaxation times were measured in vivo in normal rat (n = 3) and in rat with glioma (n = 3) at 21.1 T. The concentrations of both nuclei were evaluated using the center-out back-projection method. Results T 1 relaxation curve of chlorine in normal rat head was fitted by bi-exponential function (T 1a = 4.8 ms (0.7) T 1b = 24.4 ± 7 ms (0.3) and compared with sodium (T 1 = 41.4 ms). Free induction decays (FID) of chlorine and sodium in vivo were bi-exponential with similar rapidly decaying components of T relative to a normal brain correlates with the hypothesis asserting the importance of chlorine for tumor progression.
Introduction
Ultrahigh magnetic fields expand our capability to perform MR imaging beyond commonly used proton imaging. The applications of sodium MRI have been demonstrated by many research groups in humans and animal models [1] [2] [3] [4] [5] [6] . The potential of low sensitivity and low-gyro-magnetic ratio nuclei, such as chlorine, for MRI remain largely unexplored, especially for in vivo applications. Chlorine MRI is more challenging than sodium. The main difficulty for imaging of such nuclei is the low intensity of their MR signals. Nevertheless, there are efforts underway to perform imaging of chlorine as well [7] .
Both sodium and chlorine nuclei have important advantages in that they are inherent in living systems and actively involved in cell functioning. Since they are intrinsic, each can provide a unique window on the biological processes taking place during normal in vivo function occurring in interventions and diseases. Their concentration, however, is around 45 mM depending on the location. Sodium MR signal in vivo, being the most intensive after proton, is reduced relative to water (95,000 mM) almost 2,111 times due to low sodium concentration (Table 1) . A further reduction in MR signal intensity is expected for chlorine MRI. The most abundant chlorine-35 nuclei with abundance of 75.8 % has *20.3 times less intensive MR signal than sodium.
It is remarkable that the gain in sensitivity at ultrahigh magnetic fields is especially favorable for low-gamma nuclei. This gain is very close to a theoretical prediction of the 7/4 power of the gain in the magnetic field [8] . This favorable field dependence has been found to hold at high fields up to 21.1 T [9, 10] . Thus, the ultrahigh magnetic fields are effective tools to improve MR sensitivity.
Following the problem of sensitivity, the challenge for chlorine and sodium MRI is the presence of quadrupolar interactions of these nuclei (both of them have spin 3/2) with a variety of electric fields in vivo, especially during ion binding. MRI, in such cases, requires ultrashort time delays after RF pulses for detection of the full free induction decay (FID) of MR signals without losses. Additionally, bi-exponential decay of FIDs and partial volume effects [11] [12] [13] are expected for sodium and chlorine, which need to be considered for quantification of MRI data.
The current study was prompted by an assessment of the capability of low-gamma MRI at the ultrahigh magnetic field of 21.1 T, and the expectation that changes in the chlorine signal can be a precursor of tumor cell progression, apoptosis and variations in cellular energetic [14] [15] [16] [17] [18] [19] [20] . The main goal was to evaluate the feasibility of chlorine MRI in normal rat brain and in rat with glioma, and, if possible, quantify the results and compare them with sodium MRI. The current study utilizes volume RF coils of similar design for chlorine and sodium to facilitate the comparison of MR signal intensities.
Materials and methods
The experiments were conducted using the NHMFL 21.1 T magnet [10, 21] with Bruker Avance III console (PV5.1 software) and a custom gradient coil with an inner diameter of 64 mm (Resonance Research Inc., Billerica, MA). At 21.1 T, the magnetic resonance frequencies for chlorine and sodium are 88.15 and 237.5 MHz, respectively. Careful shielding of the RF probe and gradient coils was essential for chlorine, as our resonance frequency for chlorine was very close to the Tallahassee public radio station at 88.1 MHz.
The test samples were designed to have an RF load comparable to the in vivo rat head and were used for calibration of the MR signals. The samples were located in the same place inside the RF coil as a rat brain. Each sample consisted of 50-ml vial which had inside a machined plastic shape. The plastic cylinder decreased the amount of saline solution in the vial and provided profiles to assess MR image quality. The cylinder (D 9 L = 25 9 92 mm) had a central hole of 15 mm in diameter. Four longitudinal square grooves 4 9 4 mm were cut into the outside of the cylinder. With the plastic shape in place, 31.3 ml of 0.9 % NaCl solution (154 mM) was used to fill the remaining empty space inside the vial. The two samples used in this study had matching MRI signals. In vivo MR imaging was performed using Fisher 344 rats (n = 3, weight *150 g). Tumor implantation (9L glioma, n = 3) was accomplished using a procedure described previously [4] . All animal experiments were conducted according to the protocols approved by The Florida State University ACUC.
The measurement of relaxation time T 1 was performed using an inversion recovery (180°-s-90°) pulse sequence with a repetition time of 400 ms. Transmitter output power of 300 W created a 90°pulse for sodium with a duration of 130 ls. The same transmitter for chlorine, using a quadrature RF coil, provided a 90°pulse of 140 ls. Each FID was acquired with 4,096 complex points and a spectral width (SW) of 10 kHz. The hardware delay for the FID acquisition was 50 ls. The pulse sequence had a list of 42 values of s delays covering the range 0.001-0.5 s. The number of accumulations for T 1 measurements was 16 for sodium and 64 for chlorine. The temperature inside the RF probe during MR measurements was maintained by water circulating through the gradient coil at 28°C.
The 3D back-projection MRI pulse sequence was a modified version of the ultrashort echo time 2D pulse sequence provided with Bruker ParaVision 5.0. The centerout readout direction was rotated in plane using nv steps of 360°/nv increments, and each plane was rotated using nv1 steps of 180°/nv1 increments. Chlorine scans had field of MR sensitivity relative to sodium is *cACS(S ? 1)(F) 7/4 for low-gamma nuclei and *cACS(S ? 1)F for proton c magnetogyric ratio, 10^7 radian/(s * T) a Expected concentration, mM view of 64 mm and SW = 3 kHz. Each FID was acquired with np = 40 complex points in the readout direction, and the image acquisition had nv = 84 projections in each plane and nv1 = 42 different planes. The number of accumulation (NA) was 128. During back-projection processing in Matlab, the number of points in the readout direction was set to np = 32, to give an estimated resolution for chlorine of 1 mm in all three dimensions. Sodium 3D MRI scans had field of view of 48 mm. The acquisition matrix for sodium was np 9 nv 9 nv1 = 64 9 336 9 168, spectral width 22.3 kHz, two accumulations and estimated resolution *0.375 mm. Repetition time was 100 ms for sodium and 20 ms for chlorine which determined a scan time for sodium of 180 and 150 min for chlorine. The FID acquisition delay (TE) was 0.1 ms for both chlorine and sodium MRI, thus permitting virtually detection of all MR signals with minimum loss.
The signal-to-noise ratio was determined from the first (absolute maximum) point of FID relative to the standard deviation (STD) of the noise using the formula SNR = FID(1)/STD. The area for noise calculation was selected to be the last 1/8 of the number of points used to measure FID. Base line offset was corrected. The possible very small presence of the MR signal in this area was subtracted using a linear fit of such signal in this area. The results of measurements below are presented as mean ± STD.
RF coil for chlorine MRI
For improved sensitivity, a quadrature birdcage coil has been designed and constructed for 35 Cl in vivo MRI. The low-pass birdcage coil has 8 rungs with an inner diameter of 33 mm and length of 54 mm (Fig. 1) . The coil is surrounded by a 53-mm-diameter Faraday shield. Figure 2 illustrates the electrical circuit for the birdcage coil. Independent tuning and matching trimmer capacitors were implemented for in-phase and quadrature ports. The chlorine coil was designed for use with a vertical in vivo probe frame developed at the NHMFL [22] which provides support for gas anesthesia and respiratory monitoring. The tuning and matching capacitors can be adjusted from the base of the probe. Isolation between the ports was about 6 dB. The -3 dB quality factor for each port of the coil was 71 when empty and 51 when loaded by the test sample. A hybrid coupler was constructed for use with the birdcage coil (Fig. 2) . It is based on a single-box branch line coupler design but with lumped element pi-networks used to realize the transmission lines.
The coil in quadrature mode with the hybrid coupler needed 3 dB less power from transmitter. In quadrature mode, there was an increase in signal of 1.3 ± 0.06 relative to a coil with single-mode detection. However, the gain in S/N from the quadrature coil was just 1.18 ± 0.1 as there was an increase in total noise of 1.1 ± 0.01.
Both chlorine and sodium volume coils were of the same size ( Fig. 1 ) and utilized the low-pass birdcage circuit. The signals for chlorine were decreased by a factor of quadrature coil gain (1.18) to get the values comparable to chlorine single tuned coil.
The sodium coil was double tuned for hydrogen by using a sliding ring over the coil [22] . The -3 dB quality factor for the sodium coil loaded by the same test sample was 71, and for the empty coil, it was 114. The isolation between sodium and proton channels was at least 20 dB. The double tuning capability reduced the sensitivity of the sodium coil by 10 % compared to a single tuned sodium coil of otherwise identical design built in our laboratory. This difference was taken into consideration during calculations of sodium signal and S/N ratio. Thus, all sodium signal evaluations below were presented relative to a single tuned sodium coil.
Results
Comparison of chlorine and sodium MR signals from in vivo rat head and saline For MRI of quickly decaying signals, it is very important to know the shape of the FID, as it may dramatically affect the results of quantification of the corresponding images. Both sodium and chlorine in vivo FID signals from the rat head demonstrate the presence of such components in their FIDs. The FID signals were fitted by bi-exponential functions and the results are presented together with the corresponding signals from saline in our test samples (Fig. 3) . The chlorine FID (n = 3) has T . S/N for chlorine in whole rat head was 89.6 ± 6 (n = 3) and in the test saline sample 519 ± 10 (n = 3) for NA = 256. The corresponding values of S/N for sodium were in rat 2,504 ± 78 (n = 3) and in test sample 8,365 ± 62 (n = 3) also using NA = 256.
Effect of limited k-space sampling and bi-exponential FID on chlorine and sodium MRI 3D MRI image intensity modeling was performed for sodium and chlorine signals to determine the true concentration from MR signal intensity (Fig. 4) . The measured T head (Fig. 3 ) were used to estimate the effect of bi-exponential FID on the intensity of the corresponding MR images. The related FIDs from saline ( Fig. 3) were used to represent signals from the corresponding reference samples. The bi-exponential decays from Fig. 3 were applied along each readout direction in k-space. The partial volume effect was modeled by changing diameter of the spherical object from 1 pixel to 56, where the dimension of the field of view was 64 pixels in all three directions. The results were re-gridded in k-space in Matlab before the final Fourier processing. The average MR intensity in the object is shown relative to the reference having a spherical-size filling almost all field of view and covered by 56 9 56 9 56 voxels. Spectral width for chlorine detection is usually selected less for sodium; in the model, it was selected as 29.7 kHz for sodium and 3 kHz for chlorine. This difference in spectral width increases the readout time for chlorine up to 10.6 ms. At this condition, the effect of chlorine FID decay is already noticeable even for saline solution (Fig. 4) . The effect of bi-exponential decay in chlorine FID is especially dramatic for chlorine quantification. Bi-exponential decay, long readout time and small size of the k-space matrix during acquisition may be the reasons for a large decrease in MR image intensity for chlorine relative to sodium.
In vivo chlorine and sodium T 1 relaxation times in rat head and saline
The inversion recovery curve for chlorine in vivo demonstrates a different behavior from sodium (Fig. 5) . A biexponential recovery of magnetization was observed only for chlorine: T 1a = 4.8 ± 1 ms (A = 70 ± 7 %) and T 1b = 24.4 ± 7 ms (B = 30 ± 7 %) with R 2 C 0.9982 Fig. 4 3D model of the effect from bi-exponential FID, and small acquisition matrix size on the image intensity for sodium and chlorine MRI. X-axis shows the diameter of a spherical object in pixels for the field of view covered by 64 pixels. Y-axis represents the average intensity inside the object relative to the reference which had the size covered by matrix of 56 9 56 9 56 voxels. The upper curves demonstrate a partial volume effect on image intensity for the saline test sample. The lower curves represent additional contributions occurring due to the bi-exponential decay of the FIDs in vivo for sodium and chlorine. The model shows a dramatic effect of both effects for chlorine MRI. The shapes of the chlorine and sodium biexponential functions were taken from the corresponding FIDs acquired in this study from a whole rat head 
Chlorine and sodium MRI
The MR images for chlorine and sodium quantification were processed with the same number of FID points of 32, as it was modeled on Fig. 4 . To measure 23 Na and 35 Cl concentration in the rat brain, several ROI were placed within the striatum, laterally to the rat brain midline excluding the ventricles in three different rats. The image intensities were first corrected for T 1 relaxation time using the T 1 values for the rat head above. Then, the corrections for bi-exponential FID were implemented according to the model (Fig. 4) . The correction factors were selected using volume of the test sample (*13.5 ml) and volume of the rat head (*14.9 ml) determined from MRI data. The corresponding object diameters were calculated from the above volumes using the diameters of the matching spheres. As a result, the correction values from Fig. 4 for a bi-exponential decay were for chlorine of 0.575 and for sodium of 0.948. Using these corrections, chlorine concentration in normal rat brain was found to be 33.2 ± 3.8 mM and for sodium of 44.4 ± 3.7 mM.
Chlorine and sodium MR images of rat glioma were acquired for the same animals and are illustrated in Fig. 6 . The images were co-registered and show the same part of the anatomy. The large heterogeneity of sodium concentration throughout the glioma can be easily detected. The average sodium concentration in glioma was increased relative to a normal brain approximately 1.4 times. The chlorine concentration is also increased in glioma and spatially correlates with sodium MRI. The ratio for chlorine concentrations between glioma and normal brain was found to be *1.5.
Discussion
The weak MR signal from chlorine was dramatically enhanced at the magnetic field of 21.1 T and, thereby, allowed for performing MR imaging experiments in the rat head using a volume RF coil. No doubt, the ultrahigh magnetic field extends the potential of MR imaging for low-gamma nuclei. The most dramatic gain is expected for low-gamma nuclei, where the sensitivity improves proportional to almost the square of the frequency increase [8] .
There is a major gap in MR sensitivity between proton and sodium (Table 1) . If, however, we can overcome this gap by accessing ultrahigh magnetic fields, then we can be very close to performing MRI for many different less-sensitive nuclei such as chlorine, potassium and others.
In vivo FID signals from both chlorine and sodium exhibit similar very rapidly decaying components (T Ã 2a ¼ 0:4 ms for chlorine and T Ã 2a ¼ 0:53 ms for sodium) in addition to more slowly decaying components. The rapidly decaying components represent up to 41 % of the FID for chlorine and up to 83 % of the signal for sodium. The presence of very quickly decaying components in the FID makes it important to have only a very small delay after the RF pulse to allow detection of the entire MR signals. It also requires using very short readout time to minimize the distortions in the MR images due to an additional partial volume effect because of the bi-exponential FID [4] . For nuclei as chlorine, with strong quadrupolar interactions, the effects from bi-exponential decay can be very dramatic and require proper correction.
T 1 relaxation curves were different for chlorine and sodium in the rat head. The relaxation of sodium showed mono-exponential behavior with T 1 = 41.4 ms. The presence of two components in chlorine T 1 relaxation can be an indicator of a strong quadrupolar interaction of chlorine in vivo relative to sodium. The more rapid relaxation of chlorine (T 1 = 37.6 ms) in saline solution than of sodium (T 1 = 61 ms) also supports this statement. This observation from MR relaxation correlates with the enhanced binding capability of chlorine [23] . It was compelling to evaluate the difference in S/N between chlorine and sodium signals at 21.1 T. A direct comparison of the sodium and chlorine signal was feasible due to the identical design and size of the RF coils used. We also used the same sample size, position and molar concentrations to facilitate S/N comparison. The sensitivity difference between sodium and chlorine for the test sample represented as a ratio of its S/N values was found to be 19.4 ± 0.5. This is reasonably close to the theoretical value of 20.3 (Table 1 ) evaluated using x 0 7/4 dependence of S/N on resonance frequency [8] .
We used normal rats having the same age and weight to perform the comparison between sodium and chlorine MRI. The corresponding ratio of sodium to chlorine S/N values for the rat heads in vivo was 36.1 ± 3.6. Thus, the ratio in vivo was *1.9 times higher than the same ratio for the test sample. This finding was somewhat surprising, showing that a total content of chlorine in the rat head is 1.9 times less than sodium. It is generally anticipated that the in vivo sodium signal is 100 % visible and can be detected by MRI. There is also no evidence that in vivo chlorine could be invisible. This is also supported by our data for the rat head revealing that in vivo T Ã 2a value for chlorine FID is comparable to the corresponding value for sodium. The concentrations of sodium and chlorine found in the rat brain in the present study agree with the measurements of others also performed in the rat brain [24, 25] . Thus, it is expected that the chlorine concentration in tissue beyond the brain could be dramatically less than sodium.
Sodium concentration is usually higher in glioma than in a normal brain. The current experiments demonstrate a sodium concentration in glioma 1.4 times higher than in a normal brain. Moreover, the high-resolution images revealed a large heterogeneity of sodium concentration inside the glioma. It was also remarkable to find a very large chlorine concentration inside glioma, estimated at *1.5 times more than that in a normal brain. This value is only an estimation, as no corrections for chlorine relaxation time in glioma were performed. The T 1 relaxation measurements of chlorine and sodium have been done only in normal rats. T 1 relaxation time of sodium in glioma can be up to 57 ms, which is larger than that in a normal rat brain [26] . Thus, in reality, the difference can be more than 1.5 times. The increased chlorine concentration in glioma correlates with the hypothesis of others on the importance of chlorine for tumor progression [14] [15] [16] [17] [18] .
Conclusion
The study demonstrates the capability of using low-gamma nuclei for MRI at 21.1 T. For the first time, 3D in vivo chlorine MR images of rat head were acquired. The quality of the images with a resolution of 1 mm allowed the quantification of chlorine concentration and comparison to sodium concentration in the rat brain. It was crucial to compensate for the fast relaxing components of both chlorine and sodium as well as for limited k-space sampling typical of MRI of weak signals. The modeling of these effects demonstrates their dramatic contribution to the quantification of in vivo chlorine and sodium MR signals. The finding of increased concentration of chlorine in glioma correlates with the hypothesis on critical role of chlorine for tumor progression. Sodium MRI with 3D resolution of 0.38 mm was achieved which demonstrates a high heterogeneity of sodium throughout glioma and a capability of MRI at ultrahigh magnetic field.
